University of Wollongong

Research Online
University of Wollongong Thesis Collection
1954-2016

University of Wollongong Thesis Collections

2016

Borate modified graphite anodes for lithium-ion batteries
Michelle Kathleen McCray
University of Wollongong

Follow this and additional works at: https://ro.uow.edu.au/theses
University of Wollongong
Copyright Warning
You may print or download ONE copy of this document for the purpose of your own research or study. The University
does not authorise you to copy, communicate or otherwise make available electronically to any other person any
copyright material contained on this site.
You are reminded of the following: This work is copyright. Apart from any use permitted under the Copyright Act
1968, no part of this work may be reproduced by any process, nor may any other exclusive right be exercised,
without the permission of the author. Copyright owners are entitled to take legal action against persons who infringe
their copyright. A reproduction of material that is protected by copyright may be a copyright infringement. A court
may impose penalties and award damages in relation to offences and infringements relating to copyright material.
Higher penalties may apply, and higher damages may be awarded, for offences and infringements involving the
conversion of material into digital or electronic form.
Unless otherwise indicated, the views expressed in this thesis are those of the author and do not necessarily
represent the views of the University of Wollongong.

Recommended Citation
McCray, Michelle Kathleen, Borate modified graphite anodes for lithium-ion batteries, Master of
Philosophy thesis, Australian Institute for Innovative Materials, University of Wollongong, 2016.
https://ro.uow.edu.au/theses/4655

Research Online is the open access institutional repository for the University of Wollongong. For further information
contact the UOW Library: research-pubs@uow.edu.au

Borate modified graphite anodes for lithium-ion batteries

Michelle Kathleen Rooney McCray

Presented as part of the requirements for the conferral of the degree:
Master of Philosophy

March 2016

Institute for Superconducting and Electronic Materials
Australian Institute for Innovative Materials
University of Wollongong
2016
Thesis Committee
Dr. Zhenguo Huang, Co-advisor
Dr. David M. Schubert, Co-advisor

ii

COPYRIGHT
Michelle McCray
2016

iii

ABSTRACT
Global efforts to reduce emissions and the need for improved energy storage for
mobile power applications have stimulated extensive research on new battery
technologies. Lithium-ion batteries have emerged as the principal technology for
energy storage in electric vehicles, portable electronic devices, and grid storage;
strongly driving demand for component materials. Nevertheless, substantial
improvements in performance, safety and cost are required, creating a need for new
technical solutions. Here, borates are investigated for the enhancement of energy
storage. As confirmed by a deep exploration of the literature and further
experimentation, borates show excellent potential as additives to graphite anodes to
improve the properties of lithium-ion batteries.
The capacity, rate capability, and safety of lithium-ion batteries are products of the
individual material properties (anode, cathode, electrolyte), and the interaction of
these chemistries as these materials age. An important area of research is to identify
and control reactions that reduce performance and contribute to ageing. Batteries lose
capacity when lithium ions are consumed and age as the anode and cathode degrade
due to various reactions within the cell. The physical characteristics of graphite
particles, surface area, pore size, and surface chemistry have a considerable effect on
electrochemical properties and ageing mechanisms. The objective of this research
was to investigate the benefits achieved by treatment of graphite anodes with borates,
and to understand the mechanisms influencing the properties of battery materials.
Prompted by findings of prior studies using aqueous solutions of boric acid treatment
of graphite, and various temperature treatments with boric acid, borate treatment was
carried out to investigate the effects of adding powdered boric acid at varied levels of
boron. Using boric acid as a starting reagent, the optimal doping level was
determined to be about 1-2 weight percent boron. Chemical analyses of treated
samples were conducted to determine that boron was well dispersed by the
investigated treatment method. Boric acid was found to have enough volatility to
move and disperse through graphite samples upon heating. The refined process is
easily scalable with appropriate furnace equipment.
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Increased rate capability and capacity was evident on small-scale tests with a
relatively simple electrolyte system. In further testing, certain electrolyte additives
such as fluoroethylene carbonate (FEC) appeared to diminish the positive effects of
adding borate. Morphology and surface properties of various types of graphite
significantly contributed to the surface chemistry and thus the outcome of
electrochemical testing.
Investigations of the physical characteristics were conducted to determine the
mechanism of improvement. Analysis of treated graphite suggests that borates
modify the surface, changing its surface area and pore structure. It is postulated that,
at elevated temperatures, boric oxide in the liquid state settles into pores and
imperfections in the graphite surface, reducing its overall surface area. This change
influences the interaction of the graphite with the electrolyte and enhances the
formation of an improved solid electrolyte interphase (SEI) layer.
While the surface area is clearly affected, scanning electron microscopy (SEM) did
not provide sufficient resolution to reveal any visual changes in morphology. X-ray
crystallography confirmed the absence of crystalline treatment products, consistent
with amorphous boric oxide, and excludes the presence of a modified crystal
structure in the graphite. Thus boron was not incorporated into the graphite structure,
nor did it form boron carbide to any large extent in this treatment protocol.
Thermogravimetric analysis was conducted to determine moisture sensitivity of
prepared electrode materials. Results indicated exposure to moisture can lessen the
benefits of treatment.
While significant improvements were evident, several factors contributed to a lack of
clarity in the interpretation of results. First, the type of graphite available for studies
was different in initial small-scale production vs. larger scale trials. The graphite
used in the later scaled-up trials performed better on its own than the initially studied
graphite. This inevitably resulted in less difference in improvement between treated
and untreated graphite. Second, it became clear that electrolyte additives have a
major influence on the formation of the SEI and cycling properties. It was unclear,
however, whether certain electrolyte additives can negate the benefits of borate
treatment, and how the performance would progress in long term studies.
v

Additionally, samples were found to be moisture sensitive, and varied exposure to
atmospheric moisture may have negatively influenced some cycling results.
The following work details how performance and ageing mechanisms of lithium ion
batteries are controlled by the individual material properties and the anode, cathode,
and electrolyte chemistries. Borates facilitate increased rate and storage capabilities
of graphite via improvement of the surface chemistry at the interface of the anode
and electrolyte, and via preservation of the anode. The research conducted illustrates
the impact of graphite type and morphology, as well as surface and electrolyte
chemistries on the rate and capacity outcomes as a function of the SEI. The addition
of borates to the anode provides several benefits at low cost, enhancing the capacity,
lifespan, and safety of lithium ion batteries.
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1 BACKGROUND
1.1

Battery Materials

Efficient energy storage calls for improved battery materials. Small electronic
devices would benefit from smaller batteries with longer life. Electric vehicle
applications require substantial operating range, significant power, and a calendar
life approaching 10 to 15 years. Currently, the lifespan for lithium-ion batteries is 3
to 5 years (Kubiak & Wolfahrt-Mehrens, 2013) and the average driving range is only
60-80 miles (Todd, et al., 2013). Solutions are needed to supplement grid storage for
variable energy sources such as wind and solar. Since the 1970s, extensive research
on rechargeable batteries has led to an evolution of materials and enhanced
performance and safety of energy storage (Whittingham, 2012).
Much of the research effort of the last 20 years has focused on improving cathode
materials. Lithium cobalt oxide, LiCoO2 (LCO), first commercialized by Sony, is still
common in electronic devices. The high cost of cobalt, capacity fade with high
power, and low thermal stability prevent its wider use, especially in electric vehicles
(Nitta, et al., 2015). Instead, various other metal compounds are needed to balance
the required property/cost factors. The most promising include LiMn2O4 (LMO),
LiFePO4 (LFP), Li1+x(Ni0.8Co0.15Al0.05)O2 (NCA), and Li1+x(Ni1/3Mn1/3Co1/3)·(1-x)O2
(NMC) (Kubiak & Wolfahrt-Mehrens, 2013).
Manganese is a practical replacement for cobalt and nickel, delivering lower cost and
lower toxicity (Nitta, et al., 2015). Manganese dissolution is initiated, however, when
reactions within the cell produce even small amounts of hydrofluoric acid (HF),
causing materials to degrade, especially at high temperatures (Agubra & Fergus,
2014). While cathode materials remain an area of active research, improvements to
their properties have also been implemented with various electrolyte combinations or
surface treatments of electrodes.
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Figure 1.1 Schematic diagram of a lithium-ion battery.

The most common anode material is graphite, which allows for lithium intercalation
at room temperature (Figures 1.1 through 1.3). It provides viable electrical
conduction and is relatively inexpensive compared to cathode materials or anode
alternatives. The theoretical capacity of graphite is 372 mAh/g; corresponding to the
amount of lithium hexagonal carbon sheets can accommodate.
𝐿𝑖𝑥 𝐶6 ↔ 𝑥𝐿𝑖 + + 𝑥𝑒 − + 𝐶6

(1.1)

Figure 1.2 Illustration of lithium intercalation,
recreated from (Fu, et al., 2006).

2

Figure 1.3 Lithium intercalation into graphite layers, adapted from an illustration in (Fu, et al., 2006).

Actual capacity varies depending on the graphite structure but typically reaches only
350 mAh/g due to impurities and imperfections in the structure. The low gravimetric
density, a limiting factor in overall storage capacity, allows only 740 Ah/L
(Whittingham, 2012). Enhancement of realized capacity is essential to improve
batteries utilizing graphite anodes.
The structure and durability of graphite greatly contribute to its intercalation
capacity. Layers of graphene sheets comprise basal planes and edge planes, which
contribute differently in electrochemical reactions (Figure 1.4). When cycling in
electrolyte, edge planes are prone to exfoliation due to numerous chemical
interactions within the cell (Mauger & Julien, 2014). Commercially available types
of graphite are often formed into spherical or potato-like shapes to reduce rough
edges. Highly purified natural graphite is now more common than expensive
synthetic varieties.

3

Figure 1.4 Illustration of graphite stacking in ABAB pattern (left) and edge plane illustration (right),
an illustration adapted from (Fu, et al., 2006).

Alternatives to graphite have been explored. Pure lithium was used early in lithium
battery development, but lithium dendrite formation during cycling could to lead to
fires. Another potential anode material, lithium titanate (LTO), has high thermal
stability and long cycle life, but is highly susceptible to reaction with the electrolyte.
Silicon is a candidate with great capacity potential in the research phase, but it has
failed to be viable due to expansion during lithiation, creating a 270% volume
change (Nitta, et al., 2015). Combined silicon-graphite anode materials could
become commercially practical in the near future.
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1.2

Modification of graphite

Several methods are used to improve the structural properties and performance of
graphite. Common approaches include modification by oxidation, heat treatment, or
surface coating. The aim of modification is to smooth and ameliorate active or defect
sites on the graphite surface. These processes often result in the formation of
micropores, increased conductivity, and/or modification of chemical reactions
between the anode and the electrolyte, thus improving capacity and ageing (Fu, et al.,
2006).
A common commercial approach to improve the stability of graphite electrodes is
amorphous carbon coating. This practice is used to moderate side reactions
associated with SEI formation and suppress intercalation of solvated species
(Kuribayashi, et al., 1995). Carbon coating also improves the thermal stability of
natural graphite, preventing release of intercalated lithium at higher temperatures
(Park, et al., 2009).
1.2.1

Modifications utilizing borates

Borates have been studied in a variety of applications to improve batteries, including:
surface treatment of graphite anodes, catalysing the synthesis of graphite, and as
electrolyte additives. Borates as a surface treatment are reported to improve rate
capability and capacity (Yeo, et al., 2013; Park, et al., 2013). In graphite synthesis or
other high temperature (> 2000°C) treatments, improvements are attributed to
increased ordering of the graphite structure, which increases lithium-ion carrying
capacity. Studies have claimed that borate insertion into the graphite lattice increases
its electron-accepting properties, enhancing electrochemical performance (Way &
Dahn, 1994). In electrolytes, borates are known to increase the operating temperature
range and protect both anode and cathode from decay (Amine, et al., 2004; Nie &
Lucht, 2014).
1.2.2

Surface modification with boric acid

When used to modify the surface of graphite, borates exhibit promising
characteristics such as improved rate capability, cycle life, and capacity. In one
study, graphite samples were milled with 5% boron as in boric acid, and then heat
5

treated for 10 minutes in the temperature range from 1000°C to 2400°C (Yeo, et al.,
2013). Borate modified graphite samples heated at 1000°C to 1200°C displayed
nearly twice the capacity of untreated samples at a 5 C charge rate. High rate
capability is essential in high power applications, i.e., power tools and hybrid electric
vehicles (HEVs) (Nelson, et al., 2012). Graphite anodes are susceptible to lithium
deposition and dendrite formation at high charge rates, which can short out the cell
(Whittingham, 2012). Surface coating may protect the electrode from lithium
deposition, leading to better safety characteristics.
Based on Fourier transformation infrared (FTIR) spectra, Yeo and Park noted that at
temperatures above 1500°C, B-O bonds were absent from the graphite surface and
that the presence of boron carbide was indicated by a peak at 1265 cm-1. Samples
treated at this temperature exhibited poor performance compared with untreated
samples. In this case, the evidence suggests that the benefits of borate treated
graphite are due to boron oxide surface modification, rather than boron incorporation
into the structure. In this study, boric acid treated graphite heated at 1000°C to
1200°C was reported to contain B-O and O-H bonds, as identified by FTIR analysis.
The authors proposed, however, that the boric acid was transformed to metaboric
acid and then to tetraboric acid, as represented by the structures shown in Figure 1.5.

Figure 1.5 Structures of boric acid (orthoboric acid, left), one form of metaboric acid (middle), and the
specious “tetraboric acid” (right).

This proposed chemistry is clearly incorrect. Metaboric acid is the partial
dehydration product of orthoboric acid and does not exist above 400°C, since it
further dehydrates to boric oxide. Also, while “tetraboric acid” is referred to in the
older literature, it does not exist as a solid phase compound, nor is the purported
structure shown in Figure 1.5 reasonable (Schubert, 2015). Boric acid loses water by
condensation of its hydroxyl groups and is completely converted to boric oxide by
450°C. No B-OH will exist at the high temperatures used in this experiment. It is
6

instead likely that the authors observed B-OH groups resulting from rehydration of
the boric oxide, which is hygroscopic and readily absorbs moisture upon exposure to
the atmosphere. It is more probable that boric acid melts and is redistributed onto the
graphite surface as boric oxide.
Another group, Park et al., studied the effects of treating the surface of graphite
anodes with solutions of phosphoric or boric acid. With the addition of a 1 wt.% acid
solution followed by heating to 800°C, improvements in thermal stability and
electrochemical performance were observed. Structural analysis by X-ray
photoelectron spectroscopy (XPS) was reported to capture evidence of B-C and B-O
bonds for the boric acid treated samples, and C-O-P bonds for the phosphoric acid
treated samples. Raman analysis indicated the sample treated with H3PO4 decreased
in crystallinity, while the H3BO3 treatment supported increased crystallinity. This
was inferred by comparison of the intensity peaks for the G-band and the D-band.
Their analysis showed no change in surface morphology that could be detected by
SEM, and no significant change in surface area as detected by Brunauer-EmmettTeller (BET) surface area analysis (Park, et al., 2013).
In electrochemical analysis, Park et al. found that both the B and the P treated
samples exhibited increased rate capability and improved cycling stability, even with
high and low temperature stress testing. They studied lithium-ion consumption
during SEI formation and observed increased consumption during charge formation.
The conclusion was that the surface treatment formed a denser, more stable SEI.
Formation of SEI was found to take place at a lower potential on boron treated
graphite. Thus, treatment modified the surface of the anode material to provide
improved electrochemical and thermal properties (Park, et al., 2013). The group
concluded that boron and phosphorus formed C-O-B and C-O-P chemical bonds with
carbon, leading to a more stable SEI. They interpreted the XPS data to conclude that
some C-B bonds also form in the case of the boron treatment, but to a lesser extent
than C-O-B bonds. Formation of bulk boron carbide requires much higher
temperatures than were employed in this study. Yeo and Park reported that the
formation of C-B bonds at substantially higher temperatures was detrimental to
electrochemical properties. It is possible that the minor formation of C-B bonds
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described by Min-Sik Park et al. did not play a role in the improved electrochemical
and thermal properties that were observed.
Zhang et al. investigated the performance of natural graphite treated with a 2:3
mixture of boric and oxalic acids in methanol, followed by heating at 100-110°C
under vacuum. The treatment resulted in an oxolatoborate coating on the surface that
significantly improved capacity retention. They speculated that oxolatoborate
contributes to a reduction in the formation of LiF, which cannot participate in the
functioning of the SEI. The benefits of this treatment also included less irreversible
loss of lithium.
The group pointed out that similar benefits can be achieved with vinylene carbonate
(VC), an electrolyte additive that shows a comparable reduction in irreversible
capacity loss, concluding that such improvements are directly related to the types of
graphite, electrolyte, and additives (Zhang, et al., 2004). The combination of
chemistries must be correct in order to realize any benefit. This research highlights
the important nature of interactions between the graphite surface and the electrolyte,
as well as the complexity of the chemistry occurring there.
1.2.3

Synthetic graphite catalysis

Market share for battery grade graphite is currently about 60% synthetic and 40%
natural. Synthetic graphite commands two to eight times the cost of natural graphite;
it is valued for reliability in purity and supply (Salwan, 2015). High purity flake
graphite is used to produce natural graphite, but processing requires three times the
amount of starting material as the produced usable end product.
Graphitization is the process that transforms
amorphous

carbon

into

ordered

three-

dimensional graphite (Figure 6). Degree of
graphitization refers to the order present within
and between layers. Highly crystalline flake or
vein graphite ores are considered best for
lithium-ion

applications

(Salwan,

2015).

Similarly, highly crystalline synthetic graphite
8

Figure 1.6 The hexagonal structure of
graphite.

has a high degree of graphitization and is preferable for electrochemical applications.
The degree of graphitization in synthetic graphite contributes to improved battery
performance by allowing more lithium ions to be incorporated into its structure.
Synthetic graphite is made from various materials, including coal tar pitch, petroleum
coke, and various other industrial by-products. Extreme temperature heat-treatment
of graphite contributes to a highly ordered crystalline graphite structure and increases
the amount of active surface sites. High temperature graphitization is an expensive
and energy intensive process. In addition to assisting lithium-ion receptivity,
graphitization improves passivation by the SEI layer (Spahr, et al., 2006). Borates
have been used as a graphitization catalyst in the formation of highly graphitized
synthetic graphite (Fujimoto, et al., 2002; Endo, et al., 1999).
In the past several years, over 20 patents were published listing the use of various
boron compounds as additives that could be included prior to the graphitization
process to improve electrochemical properties and lower graphitization temperatures.
In addition to its contribution to increased crystallinity, boron is said to incorporate
into the lattice structure of graphite at higher temperatures (see Figure 1.2) initiating
greater alignment and affecting the electronic structure. When residing in the
graphite lattice, boron is believed to act as an electron acceptor, leading to a specific
capacity of 437 mAh/g, higher than the theoretical maximum for pure graphite (372
mAh/g) (Way & Dahn, 1994). In other research, boron carbide or boron nitride
formation from treatment protocols at high temperature are believed to result in
performance problems (Endo, et al., 1999).
At very high temperatures, B2O3 reacts with carbon to form boron carbide with
release of carbon monoxide, with the carbon acting as the reducing agent for boron.
2 B2O3 + 7 C = B4C + 6 CO

(1.2)

The composition B4C is approximate, and boron carbide exists with a range of
compositions having 8 - 20% carbon, and boron suboxides may also occur. This
reaction requires extremely high temperatures and is usually carried out in an electric
arc furnace at > 2,000°C.

9

Several published studies have suggested that borates provide benefits as a catalyst
for synthetic graphite production. Further investigation is warranted to discover
whether boron doping ultimately provides benefits. It is unclear whether boron
carbide forms in some cases and if this is detrimental to electrochemical capacity.
This is outside the scope of the following efforts.
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1.3

Solid Electrolyte Interphase

Aqui…
Onde a terra termina
e o mar já não começa
A verse from Portuguese poet Luís de Camões (1572) portrays the space where the sea meets the land
quoted in (Xu & von Cresce, 2011)

One of the most influential reactions in the cell is the formation of the SEI (Figure
1.7). This layer, forming mostly on the
first charge between the solid edge of the
anode and the electrolyte, has a profound
impact on capacity and ageing in the cell
(Andersson & Edstrom, 2001). The
boundaries

between

electrodes

and

electrolyte are locations in the cell where
complex

and

potentially

beneficial

electrochemical reactions are expected,
whereas reactions occurring outside of
this interface are often self-destructive
and lead to decay (Xu & von Cresce,

Figure 1.7 Schematic representation of an interface
layer.

2011). The SEI is a passivating boundary layer. It serves as an insulating interface
preventing degradation of anode material while allowing lithium ions to pass
through. A quality SEI layer allows lithium ions to pass while suppressing reactions
between graphite and electrolyte (Chen, et al., 2013). The composition of the SEI is
directly related to the chemistry of the electrolyte as well as the chemical properties
and morphology of the graphite anode (Placke, et al., 2012). The surface area of
graphite influences formation of the SEI. Lower surface area provides less reactive
area and typically less irreversible loss of lithium (Mauger & Julien, 2014).
Reactions are directed by graphite morphology. Graphite has a high risk of
exfoliation if the SEI is not well formed (Mauger & Julien, 2014). Spectroscopic
studies have found that the prismatic edge of highly oriented graphite tends to react
with inorganic compounds, while the basal plane reacts mostly with organic
11

compounds (Zhang, 2006). Highly oriented graphite is more susceptible to
exfoliation by certain solvents (Verma, et al., 2010). The edges, active sites, and
imperfections in the graphite act as catalytic sites for reaction of solvents. This effect
can be mediated by the use of certain electrolyte solvents and additives, or perhaps as
evidenced in this and other studies, by borates.
Oxidation of graphite, typically performed by heating in air, modifies reactive
carbons at the edge plane and greatly influences positive SEI formation (Figure 1.8).
Once lithiated, the oxides participate in the SEI (Fu, et al., 2006). Some degree of
oxidation can be expected to be present at the surfaces of most commercial graphites.

Figure 1.8 Concept and illustration of the formation of SEI
after mild oxidation of graphite (Peled, et al., 1996).

Although the first charge directs SEI formation, its thickness and properties are
influenced by temperature, reaction kinetics, storage, and continued cycling. The
formation takes place in two stages. In the first stage prior to intercalation of Li +
12

ions, the SEI formed is porous and unstable, but after intercalation it becomes
compact and highly conductive (Zhang, 2006). After the initial formation, it
continues to grow and change with ageing of the cell. Faster reaction kinetics or
more thermodynamically reactive species direct a thinner initial SEI and a slower
growing SEI due to the smaller reaction surface. Because the interfaces of the
electrodes and electrolyte are the only sites for electron exchange, this layer becomes
extremely influential in the reaction kinetics of the entire cell (Xu & von Cresce,
2011).
The chemical composition of the SEI has been studied extensively by several groups
using various spectroscopic techniques. The layer is comprised of decomposed
solvents and electrolyte salts. Decomposition depends on the polarity, reactivity,
viscosity, and dielectric constant of the solvents (Verma, et al., 2010). Electrolytes
are often combined to produce the greatest benefits.
1.4

Electrolyte solvents

Figure 1.9 Common electrolyte solvent structures: ethylene carbonate, vinylene carbonate, propylene
carbonate, fluoroethylene carbonate, dimethyl carbonate, ethyl methyl carbonate, diethyl carbonate.

According to Xu, electrolyte salts such as LiPF6 and LiBF4 dissolve in carbonate
ester solvents to form non-aqueous electrolytes. In order to dissolve, the electrolyte
must provide high dielectric permittivity and facilitate ion transport while creating a
stable environment for both cathode and anode. To accomplish this, a combination of
solvents is necessary (Figure 1.9). Ethylene carbonate (EC) is commonly used due to
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its high dielectric permittivity. Acyclic carbonates or carboxylic esters such as
dimethyl carbonate (DMC), diethyl carbonate (DEC), and ethyl methyl carbonate
(EMC) are often used for their low viscosity (to promote ion transport) (Xu, 2014).
A common electrolyte solvent, propylene carbonate (PC), provides a wide operating
range but is known to decompose at the graphite surface, causing higher
consumption of lithium on the initial cycling (Changnes & Swiatowska, 2012). This
effect can be modified by the use of borates or other electrolyte additives.
1.5

Reactions proposed for SEI formation

The necessity of using mixtures of electrolyte solvents to pair with various electrode
materials to meet the needs of various applications creates complexity in optimizing
the SEI. Many groups have focused on documenting and understanding these
complex interactions, which have a profound impact on safety and efficiency.
Among their results, certain trends have been generalized.
The use of solvents obviously influences formation of the SEI (Figure 1.10). When
EC and PC concentrations are high, reduction products are typically lithium alkyl
carbonates and dicarbonates, such as those shown in Figure 1.10. Lithium carbonate

Figure 1.10 Electrolyte solvent reduction products of (CH2OCO2Li)2, and ROCO2Li.

(Li2CO3) is the major product when EC and PC are low. Theoretically, by-products
that are insoluble, such as (CH2OCO2Li)2 and Li2CO3, are considered better
passivating agents (Verma, et al., 2010). The use of PC is generally detrimental to
graphite and consumes a higher amount of lithium unless used with a suitable
additive. Aurbach et al. proposed that PC damages graphite because propylene gas
formation creates cracks in the structure (Aurbach, et al., 2003). This phenomenon
contributes to gaps in the electrical conductance. Interestingly, it was found to be
more detrimental in synthetic graphite, which contains rougher edge planes than
natural.
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Reduction products of the solvent form organic species in the SEI including (Kubiak
& Wolfahrt-Mehrens, 2013), (Verma, et al., 2010), (Zhang, 2006):


Polycarbonates: found closest to the electrolyte phase and create flexibility in
the SEI.



(CH2OCO2Li)2: reduction product of EC, insoluble, and likely to contribute
to stability in the SEI layer.



ROCO2Li: mostly found with PC-containing electrolytes and tends to be
soluble.



Li2CO3: often formed due to generation of gaseous by-products of solvent
reduction. When abundant the SEI is less stable – but its presence is
beneficial overall as an insoluble component. It can help to mend an
insubstantial SEI layer.



ROLi: formed by reduction of ether based solvents such as tetrahydrofuran
(THF), or in DMC and EMC; its solubility allows it to participate in further
reactions.



LiOH: formation is initiated by water in the electrolyte.



LiF: lithium fluoride in isolated crystals is a major component in the SEI,
without much benefit when fluorinated salts such as LiPF6 and LiBF4 are
used; it can also form with HF contamination and increases during storage.

The SEI is formed by a dynamic interplay of material factors and battery operation
conditions. Several qualities contribute to an ideal layer. The presence of stable,
insoluble salts such as lithium carbonate are beneficial, but the morphology should
be elastic and flexible while also adhering to carbon (Verma, et al., 2010), allowing
transport of lithium ions.
The impact of additives, such as FEC and vinylene carbonate (VC), on the formation
of SEI was studied by (Nie & Lucht, 2014). Using an innovative binder-free graphite
in a relatively simple electrolyte system, 1.2 M LiPF6 in EC:EMC (3:7), the group
studied SEI chemistries by various spectroscopic techniques. It was observed that
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without additives, the major compounds formed were lithium alkyl carbonates and
LiF. Addition of VC led to reduced composition of these compounds and a thinner
interface layer. Other compounds, including lithium carbonate and polyvinylene
carbonate were present. Studies indicate that VC suppresses the reduction of EC to
lithium alkyl carbonates and the reduction of LiPF6 to LiF. Addition of FEC seemed
to inhibit the former but not LiF, resulting in a grainier SEI. The FEC additive tends
to lose an HF molecule, forming VC. This may contribute to LiF formation, but HF
may also lead to reduction of lithium plating in high rate and low temperature
applications (Zhang, 2006).
1.6

Borates in SEI composition and morphology

1.6.1

Electrolyte salts

In several studies, borates have proven beneficial to the formation of the SEI (Nie &
Lucht, 2014), (Arai, et al., 2009), (Chen, et al., 2013), (Mao & Reimers, 1997). A
surface coating on graphite may affect the stability of the SEI by participating in the
chemistry of formation or by changing the morphology of the SEI (Zhang, et al.,
2004).
Compared to LiPF6, the LiBF4 electrolyte salt is more stable with respect to water
and HF formation, although the evolution of BF3, a Lewis acid, contributes to
breakdown of cyclic carbonates such as EC (Kricheldorf & Weegan-Schultz, 1993).
𝐿𝑖𝑃𝐹6 (𝑠𝑜𝑙𝑣) → 𝐿𝑖𝐹(𝑠) + 𝑃𝐹5 (𝑔)

(1.3)

𝐿𝑖𝐵𝐹4 (𝑠𝑜𝑙𝑣) → 𝐿𝑖𝐹(𝑠) + 𝐵𝐹3 (𝑔)

(1.4)

The decomposition of electrolyte salts becomes more complex in the presence of HF.
Side reactions can precipitate grainy LiF crystals, which cause instability in the SEI
(Andersson & Edstrom, 2001). Lithium fluoride has also been considered an integral
part of a stable SEI (Verma, et al., 2010). Zhang et al. propose that borate
compounds with electron accepting structures react with LiF to form a more
desirable salt for the SEI layer that enhances thermal stability (Zhang, et al., 2004).
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1.6.2

Electrolyte additives

Electrolyte additives are sometimes added at up to 5% weight or volume to facilitate
SEI formation, enhance thermal stability, protect against metal dissolution from the
cathode, and improve electrolyte properties (Zhang, 2006). Boron based compounds
as electrolyte additives increase the cycle life of lithium-ion batteries. Mao et al.
describe a decreased loss in capacity fade from dissolving B2O3 in electrolyte
solvents (Mao & Reimers, 1997). Various borate salt additives were shown to
influence decay and ageing of the anode by improving the protective qualities of the
solid electrolyte interphase (SEI) layer (Nie & Lucht, 2014). Boron based anion
receptors improve the thermal stability of electrolytes due to their ability to dissolve
LiF, producing salts which participate in SEI formation (Zhang, et al., 2004).
Lithium bis(oxalato)borate (LiBOB) (Figure 1.11) is known to increase performance
over a wider temperature range (Smart, 2013). The use of LiBOB also facilitates
protection of graphite against exfoliation when used with PC (Larush-Asraf, et al.,
2007). PC is a good conductor and desirable for low temperature applications, but
typically causes exfoliation of the graphite anode (Mauger & Julien, 2014).

Figure 1.111 Lithium bis(oxalato)borate (LiBOB).

LiBOB also reduces dissolution of cathode materials. Amine et al. studied the effects
of LiBOB on the typical decomposition of lithium manganese oxide spinel/graphite
cells during high temperature storage. In this cathode material, manganese ions
dissolved from the cathode cause reduction of the lithiated graphite. This reaction
inhibits charge transfer and reduces cell performance (Amine, et al., 2004).
Borate compounds, including LiBOB and its derivatives, are currently used in
commercial lithium-ion batteries. Because of their remarkable kinetic stability and
17

non-coordinating character, lithium salts of polyhedral borane and carborane anions
are proposed as potential high performance battery electrolyte materials.
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2 EXPERIMENTAL
2.1

Sample preparation

Experiments were conducted to study the effects of treating the graphite with borates.
The aim of the research was to validate claims, optimize treatment conditions, and
elucidate the mechanisms of improved electrochemical performance.
Samples were prepared by mixing graphite with boric acid. Dehydration under the
treatment conditions leads to boric oxide formation and loss of water, according to
Equation 2.1. It was assumed with fair confidence in setting up these experiments
that no reaction occurs between carbon and borate under these conditions.
Graphite + 2 B(OH)3 → Graphite + B2O3 + 3 H2O

(2.1)

Samples of graphite and boric acid were mixed in a blade mill to thoroughly blend
them without damaging the graphite (about 30 seconds in two 15 second rounds).
The mixtures were passed through a 250 μm screen (U.S. 60 mesh) to disperse any
clumps of boric acid, followed by another 15 seconds of blending. The samples were
weighed in alumina boats prior to heating to 1000 °C in a tube furnace under a
continuous flow of nitrogen (about 300 mL/min). The furnace was fully purged of air
prior to heating. The heating program was set to ramp to 1000 °C over a period of
two hours, hold at this temperature for ten minutes, and then cool to ambient
temperature. The cooling rates varied in earlier sample preparation prior to the use of
a larger, better controlled furnace; and the effect of these varied cooling rates, if any,
is not yet known. After cooling, the samples were ground for another 30 seconds in
the blade mill. Sample weights were recorded to determine weight loss during
heating.
Initial weights of graphite and boric acid for a nominal 100 g post heat treatment
batch were calculated using the relationship given by Equation (2.2). This can be
scaled to any desired size.
Wt. Graphite = 100 − (0.563 x wt. Boric Acid)

(2.2)

The equivalent wt.% boron in the final treated samples after heating was calculated
according to Equation (2.3), which can also be scaled.
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Final wt.% B for a 100 g batch = 0.1748 × wt. Boric Acid

(2.3)

For example, to attain a 1.0 wt.% boron treatment, the initial mixture contains 5.72 g
boric acid and 96.78 g graphite. Upon heating, this mixture will lose 2.50 g of water,
and the final treated material will contain 96.78 g graphite and 3.22 g boric oxide,
which contains 1.00 g boron. Depending on the equipment configuration, some
borate may be lost thorough volatilization in steam, and the final boron content may
be slightly less than the target amount.
Sample preparation to achieve various loadings of boron is detailed in Table 2.1.
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Table 2.1 Calculations for graphite preparation.

B IN 100 G
FINAL
HEATED
SAMPLE

WT B =
0.175 X
WT
B(OH)3

WT
B2O3 =
0.563 X
WT.
B(OH)3

100 WT
B2O3

%B
Needed

B(OH)3
(g)

B2O3
(g)

C
(g)

Total wt.
before
heating
(g)

0.5

2.86

1.61

98.39

101.25

100.00

Wt. ratio
C:B(OH)3 in
mixture
before
heating
34.44

1.0

5.71

3.22

96.78

102.50

100.00

16.94

1.5

8.57

4.83

95.17

103.75

100.00

11.10

2.0

11.43

6.43

93.57

104.99

100.00

8.19

3.0

17.14

9.65

90.35

107.49

100.00

5.27

4.0

22.86

12.87

87.13

109.99

100.00

3.81

5.0

28.57

16.09

83.91

112.49

100.00

2.94

Expected
total wt.
after
heating (g)

Graphite samples utilized in the study are listed below:
Small batch (1-3 g) prepared with 0.5 – 5% B
1. ConocoPhillips A12 graphite (G1)
2. Japanese graphite (G2)
3. Mesocarbon microbeads (MCMB) (1)
4. Chinese MCMB (2)
Large batch (100-300g) prepared with 1 – 2% B technical powder (TP)
5. Natural graphite
6. Natural graphite with carbon coating
7. Synthetic graphite A
8. Synthetic graphite B

21

2.2

Electrochemical testing

Several series of graphite samples were evaluated with various parameters as
described below. In early experiments, small-scale batches were synthesized prior to
acquisition of a larger controlled furnace with the cooling rates varied.
2.2.1

Cell preparation and test parameters – small batch

Earlier electrochemical testing was conducted on small batch graphite samples in
collaboration with Argonne National Laboratory (ANL), a U.S. Department of
Energy research center. A variety of commercially available battery grade graphite
samples were treated with a range of boron levels. Testing aimed to evaluate the
benefits of borate treatment, and optimize the amount of boric acid for the best
performance.
Tests were conducted using 2032 coin cells. Graphite electrodes were prepared from
a mixture of 96 wt.% graphite powder, 1 wt.% Super P carbon black, and 3 wt.%
Kurea KF-9300 polyvinylidene difluoride (PVDF) binder. The cells were assembled
in a glove box with 1.2 M LiPF6 in 3:7 EC:EMC and 2325 Celgard® separators.
Cells were evaluated for rate and cycling performance in half and full cell tests. Rate
performance testing was conducted by cycling between 5 mV and 1 V at rates of 0.1
C, 0.2 C, 0.5 C, 1 C, and C/3 for three cycles at each rate, with Li metal as the
counter electrode. The cycling performance was evaluated by cycling at the rate of
C/3 following the rate performance tests.
Full cell testing was conducted on various graphite samples treated with 1% B. The
cells were cycled at the rate of 1 C with LiMn2O4 as the counter electrode.
2.2.2

Cell preparation and test parameters – large batch

Natural and synthetic graphite samples 5 through 8 treated with 1%, 1.5% and 2%
boron were evaluated using 2025 type coin cells. Electrodes were fabricated with 96
wt.% graphite, 1 wt.% carbon black, and 3 wt.% Kureha KF-9300 PVDF in Nmethyl-2-pyrrolidone (NMP). The mixture was ball milled for 12 minutes to form a
slurry.
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The mixed slurry was cast onto copper foil and dried under vacuum at 120 °C
overnight. The electrode foil was then punched into discs. Porous polypropylene was
used as the separator, and a pure lithium chip was used as the counter electrode. Cells
were assembled in a glove box with 1 M LiPF6 in ethylene carbonate (EC), dimethyl
carbonate (DMC), and diethyl carbonate (DEC), 3:4:3 EC:DMC:DEC by volume,
with the addition of 5% fluorinated ethylene carbonate (FEC).
Galvanostatic charge-discharge tests were conducted on a battery testing system
(Shenzhen NEWARE Battery, China) in the potential range of 0.005-1.5 V (vs.
Li+/Li) at various rates.

Graphite samples 6 and 7 from large batches with 1% boron were tested without
electrolyte additive. Prior to assembly, samples were dried in an oven at 120˚C, and
exposure to moisture was limited. The anode slurry was prepared by mixing the
graphite samples with a conductive additive (Super P) and PVDF binder in a weight
ratio of 0.9:0.5:0.5 (90% graphite, 5% Super P, and 5% PVDF) in NMP solvent. The
thus-prepared slurry was cast on copper foil using a tape casting machine. The tapes,
after drying in an oven at 110˚C, were cut and assembled in coin cell configuration
for cell testing. Cells were assembled in a glove box with 1 M LiPF6 in
EC:DEC:DMC.

2.3

ICP analysis

Large batch graphite samples were analysed using an inductively coupled plasma ‒
optical emission spectrometer (ICP-OES) to determine the distribution of borate
during heating as well as percent boron present after the heating procedure.
Subsamples of the graphite mixtures were acquired from bottom, mid, and top levels
of the alumina boats prior to heating, after heating, and after final mixing.
Several 30 mg samples were acquired from various areas of sample mixtures to
mimic the amount of graphite sample used in the preparation of the slurry to make
coin cells. The objective was to screen for any differences in distribution that could
result in different results in test runs.
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Analysis was conducted using a Thermo Scientific iCAP 6000 series ICP-OES.
Samples were prepared by digestion in a solution of 10% nitric acid and 20%
hydrochloric acid on a heating mantle for 2 hours, and then cooled and filtered by
syringe through a 0.45 micron Millipore filter.

2.4

SEM

Physical characterization and analysis was conducted by SEM. Small batch samples
were run on a Hitachi S-4700-II SEM. The graphite powders were held on the
sample holders using double-sided conductive tapes. Large-batch samples were
prepared with gold sputtering, using a Perkin-Elmer RF Sputtering Deposition
System 2400-8SA to reduce charging, and then analysed on an FEI Quanta 600i
Environmental Scanning Electron Microscope.

2.5

Surface area and pore size

Surface area and pore size analysis was conducted using a Quantachrome Nova 2000
gas physisorption system with N2 adsorbate at 77 K. Pore size and surface area
analysis were conducted using density functional theory (DFT) by way of quenched
solid DFT (QSDFT).

2.6

Thermal analysis

Thermal analysis was conducted with the aim of distinguishing water accumulation
on the surfaces of untreated and treated samples resulting from borate rehydration.
Thermal properties were measured using a TA Instruments SDT Q600 TGA.
Samples were heated under N2 flow with a temperature ramp of 5°C per minute.

2.7

XRD

Powder X-ray diffraction (XRD) data were collected on a PANalytical Empyrean Xray diffractometer in the 2 range of 5-65 .
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2.8

FTIR

Fourier transformation infrared (FTIR) data were collected on a Bruker Alpha
instrument in attenuated total reflectance mode using the Bruker single reflection
Platinum-ATR module.
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3 RESULTS AND DISCUSSION
3.1

Electrochemical testing

3.1.1

Rate Testing

Rate performance tests determine how fast a battery will discharge compared to its
maximum capacity. The discharge rate determines the amount of power available.
Chemistries exhibiting higher capacity with a high C-rate are important for
applications requiring high power, such as power tools and hybrid vehicles. For all
types of graphite tested (Figures 3.1 through 3.4), the series containing 1-3% B
exhibited higher capacity than untreated graphite at rates up to 1 C. Most samples
exhibited the best performance at 1% B, although Sample G2 (Figure 3.2) had the
best performance at 2% B. Samples prepared with Optibor® TP boric acid (technical
powder), appeared to have better performance in Sample 2 (Figure 3.2). The results
suggest that surface treatment with borates may lead to improved charge transport.
With higher levels of boron (5%), however, the capacity dropped significantly at all
C-rates. It is possible that excessive B2O3 may form a glasslike insulating layer that
cannot be fully incorporated into the SEI, thus blocking transport channels.
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Figure 3.1 Discharge capacities of Sample 1.
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Figure 3.2 Discharge capacities of Sample 2.
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Figure 3.3 Discharge capacities of Sample 3.
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Figure 3.4 Discharge capacities of Sample 4.
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3.1.2

Cycle testing

The cycling performance of half-cells was evaluated following rate performance
testing (Figures 3.5 through 3.8). Cycle testing evaluates how battery materials hold
up over time. Typically, the anode, electrolyte, or cathode materials degrade as the
cell is charged and discharged repeatedly. Stability of the capacity through charge
cycling is especially affected by the stability of the SEI (Kubiak & WolfahrtMehrens, 2013).
In all types of graphite, samples treated with boric acid at a level of 1% B exhibit
higher capacity and slower decay compared to untreated samples. It is likely that at
low levels, borates assist in the formation of a more stable SEI, minimizing side
reactions that degrade the cell.
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Figure 3.5 Cycle study for Sample 1.
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Figure 3.6 Cycle study for Sample 2.
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Figure 3.7 Cycle study for Sample 3.
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Figure 3.8 Cycle study for Sample 4.
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3.1.3

Full Cell

Full cell tests were conducted using lithium manganese oxide (LiMn2O4) (Figure
3.9). Significant improvement was observed with graphite samples 1 and 2, prepared
with 1% B treated graphite.
It is well known that impedance increases in this system as manganese dissolves in
the electrolyte and damages the electrodes (Ha, et al., 2013). ANL studied the
mechanism for the degradation of LiMn2O4 cathode with borates added to the
electrolyte (Amine, et al., 2004). In this work, the LiMn2O4/graphite system was
investigated with lithium bis(oxalate)borate (LiBOB, LiB(C2O4)2) electrolyte. The
absence of fluorine species from LiPF6 and the lack of HF generation eliminated the
dissolution of Mn ions. Additionally, LiBOB was thought to improve the SEI layer
of the cathode. It is possible that borate modification of graphite also improves the
protective SEI layer, protecting the graphite from damage due to decay of the
cathode material. This system warrants further investigation with larger cells and
longer cycling.
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Figure 3.9 Long term cycle performance of the pristine and 1% B doped graphite anodes, Samples
1through 3, cycled vs. LiMn2O4 cathode in the full cells.
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3.1.4

Scaled rate and cycle testing – with electrolyte additive

Rate tests were conducted on Samples 5 through 8 using 5% FEC electrolyte additive
(Figures 3.10 through 3.3). Results in this series are generally inconclusive on the
matter of improvement by borate additives. For natural uncoated graphite, Sample 1,
borate treatment displays a clear advantage. In all other samples variability exists in
repeated cycles and the advantage of borate treatment is less clear.
There are several possible explanations for variability in the results. First, the
distribution of borates in the treated samples was open to question. This was
evaluated by ICP analysis (section 5.2), and the results indicate that this is not a
likely cause of variability. Second, any variability in cell preparation, loading level,
or casting technique can cause variation in the results. Additionally, a likely factor in
variability of the results is chemical changes induced by the electrolyte additive FEC.
This additive may change the formation mechanism and chemistry of the SEI layer,
thus modifying the benefits introduced by treatment with borates.
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Figure 3.10 Rate test on Sample 5.
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Figure 3.11 Rate test on Sample 6.
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Figure 3.12 Rate test on Sample 7.
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Figure 3.13 Rate test on Sample 8.
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3.1.5

Cycle testing with electrolyte additives

Cycle testing was performed after rate cycling on Samples 5 through 8, prepared
with electrolyte containing FEC (Figures 3.14 through 3.17). Just as with the rate
tests, the natural graphite samples showed better performance with borate treatment
than without. Borate is likely to be contributing to the stability of the SEI in this
system. Synthetic samples showed insignificant improvement, but the capacity is not
lessened by borate treatment.
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Figure 3.14 Cycle testing for Sample 5.
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Figure 3.15 Cycle testing for Sample 6.
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Figure 3.16 Cycle testing for Sample 7.
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Figure 3.17 Cycle testing for Sample 8.
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3.1.6

Rate testing with large batch samples

Rate testing followed by cycle testing was performed on graphite samples 6 and 7
with 1% B treatment, without FEC additive (Figures 3.18 and 3.19). Improvements
are evident for these samples with addition of borate in the rate performance at high
C-rates. This suggests a more favourable SEI layer, allowing faster transfer of
lithium ions. There is a slightly higher loss of capacity on initial cycling, indicating
more loss of lithium in the treated samples.
In cycle testing, the borate treated samples performed significantly better and
recovered capacity faster than untreated samples. The higher, more stable capacities
in the treated samples are likely due to improved protective properties of the SEI,
whereas the untreated graphite samples may have suffered some decomposition after
stronger charging.
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Figure 3.18 Rate and cycle testing of Sample 6.
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Figure 3.19 Rate and cycle testing of Sample 7.
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3.2

Boron analysis by ICP

Boric acid exhibits significant volatility at high temperatures. Upon heating, boric
acid releases water vapour, which can volatilize, redistribute borate species in the
vapour phase within the sample, and even carry some of it out of the sample.
Ultimately, boric acid will dehydrate completely to molten glassy boric oxide, which
can flow and coat the surface of the graphite. During this dehydration process, when
a high concentration of water vapour is present, the opportunity exists for boron to
become unevenly distributed within the sample (Table 3.1). The furnace boat depth
may influence the final boric oxide distribution. Typically, less boron was found
toward the top of the boat, while the lower portion of the boat contained a higher
concentration of boron. This indicates that boron may volatilize out of the sample
near the surface and is contained within the deeper portion of the sample.
Once samples were blended, distribution of boron was relatively even, but slight
variability still exists. This could contribute to slight differences in the loading level
in the small coin cells that use only ~3 mg of graphite. At this low temperature boron
is not incorporated into graphite lattice, and therefore the distribution does not have a
major effect on treatment outcome once blended.
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Table 3.1 The migration of borate with heating.

Sample
B added
1.0%

unheated

Sample
area
Random

ICP %
B
0.97

1.0%

unheated

Random

1.00

1.0%

unheated

Random

0.99

1.0%

heated

top

0.75

1.0%

heated

middle

0.88

1.0%

heated

bottom

1.01

1.0%

heated mixed

random

0.95

1.5%

heated

top

1.24

1.5%

heated

middle

1.68

1.5%

heated

bottom

1.63

1.5%

heated mixed

random

1.54

2.0%

heated

top

1.72

2.0%

heated

middle

2.05

2.0%

heated

bottom

2.15

2.0%

heated mixed

random

2.00

Treatment

Statistical analysis of six 30 mg samples taken randomly from the final treatment
mixture showed a 1.26% standard deviation in boron concentration. The 300 mg
samples (the amount used to mix the anode slurry) had a 0.39% standard deviation.
As initial electrochemical tests show a consistent 10% improvement in capacity, this
small difference in boron distribution is not likely to make a large difference to
measured capacity.

3.3

Microscopy

Scanning electron microscopy images of small and large batch graphite samples were
collected (Figures 3.20 through 3.34). The following figures provide a representation
of the different morphologies of graphite used in this study. There are no evident
changes in morphology with borate treatment. Boric oxide particles were not
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observed on the surface, indicating that boric oxide is highly dispersed on the surface
and likely to have infiltrated into small pore structures and defects on the surface of
the graphite. Attempts were made to locate boron by energy-dispersive X-ray
spectrometry (EDS). Due to the very close responses of boron and carbon in this
technique, however, it was not possible to distinguish surface boron from
background graphite with the instrument used.
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Figure 3.20 SEM micrograph of Sample 1, 0% B.

Figure 3.21 SEM micrograph of Sample 1, 3% B.
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Figure 3.22 SEM micrograph of Sample 2, 0% B.

Figure 3.23 SEM micrograph of Sample 2, 4% B.
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Figure 3.24 SEM micrograph of Sample 3, 0% B.

Figure 3.25 SEM micrograph of Sample 3, 2% B.
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Figure 3.26 SEM micrograph of Sample 5, 0% B.

Figure 3.27 SEM micrograph of Sample 5, 2% B.
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Figure 2.28 SEM micrograph of Sample 3, 0% B.
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Figure 3.29 SEM micrograph of Sample 6, 0% B.

Figure 3.30 SEM micrograph of Sample 6, 2% B.
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Figure 3.31 SEM micrograph of Sample 7, 0% B.

Figure 3.32 SEM micrograph of Sample 7, 2% B.
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Figure 3.33 SEM micrograph of Sample 8, 0% B.

Figure 3.34 SEM micrograph of Sample 8, 2% B.
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3.4

Surface area and pore size analysis

Surface area was measured by the Brunauer-Emmett-Teller (BET) multipoint and
quenched solid density functional theory (QSDFT) methods (Table 3.2). The DFT
measurements were assumed to be more accurate for the varied morphologies present
in samples. Measurement of surface area by BET fails to take into account various
pore morphologies (Landers, et al., 2013). Because the BET equation is based on a
single layer of gas molecules in contact with the surface, it does not account for
capillary condensation of various geometries often present in graphite.
Interestingly, in all samples, borate treatment lowered both the surface area and the
pore volume (Figures 3.35 through 3.38), indicating a consistent successful coating
on the graphite surface. Modifications to surface area are likely due to the covering
of imperfections and partial filling of pores.
Surface area and pore width measurements were collected for untreated graphite
samples heated to 1000 °C under N2. For the carbon coated graphite sample, the
surface area increased, pore volume increased, and pore width (mode) decreased.
This could indicate that amorphous carbon was incorporated into the graphite
structure during heating, unblocking some pores while partially filling others. It is
plausible that new bonds may form at these temperatures. Reduction of boric acid to
boron nitride can begin at temperatures < 1,000 ˚C under nitrogen atmosphere, with
carbon acting as a reducing agent, but much higher temperatures are needed to
complete this transformation (Paine & Narula, 1990).
The Figures below demonstrates the changes in pore width (mode) that occur upon
borate treatment. In each case the intensity of the peaks in the measurement
decreases with treatment. For the natural graphite sample, pore width remains the
same, yet surface area and volume decrease, indicating smaller defects and that pores
are likely filled first.
Specific surface area contributes to irreversible charge loss during the first charging
cycle, which is attributed to SEI formation (Mattson, 2013). Joho et al. demonstrated
that a linear correlation exists between surface area and irreversible capacity loss on
formation of the SEI (Joho, 2001). Desired properties of graphite anodes include
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high porosity, to promote transfer of lithium ions, and low surface area (< 10 m2/g),
to reduce decomposition of the electrolyte (Nelson, et al., 2012). It is likely that
borate is contributing to a positive change in surface chemistry. As large pores tend
to trap electrolyte, leading to its decomposition (Joho, 2001), boric oxide is likely to
benefit the stability of the cell. Boric oxide modifies the surface and changes the pore
structure, while likely providing a favourable substrate on which the SEI can form.
As boric oxide reacts with the electrolyte, pores may become unblocked during SEI
formation and cycling.
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Table 2.2 Surface area, pore volume, and pore width, for Samples 5 through 8.

Manufacturer
Sample

BET

Specs.

SA

2

m2/g

Natural
Graphite (NG)

9.696

NG 1000C

DFT
SA

Pore
volume

pore width
(mode) nm

2

cm3/g

5.074

8.594

0.018

18.523

n/a

6.124

8.047

0.016

18.523

NG 1% B

n/a

1.425

4.667

0.003

19.171

Natural Carbon
Coated (NGC)

3.784

1.259

2.897

0.004

19.842

NGC 1000C

n/a

4.039

4.725

0.006

4.077

NGC 1% B

n/a

1.685

1.894

0.003

1.98

3.974

2.119

2.204

0.007

19.842

SA 1000C

n/a

2.279

2.339

0.006

4.077

SA 1% B

n/a

0.991

1.547

0.002

4.367

Synthetic B

3.399

2.439

2.551

0.007

18.523

SB 1000C

n/a

2.592

3.256

0.005

3.939

SB 1% B

n/a

1.127

1.778

0.002

4.52

(m /g)

(m /g)

Synthetic A
(SA)
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Figure 3.35 Sample 5: DFT calculation of pore size distribution.
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Figure 3.36 Sample 6: DFT calculation of pore size distribution.
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Figure 3.37 Sample 7: DFT calculation of pore size distribution.
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Figure 3.38 Sample 8: DFT calculation of pore size distribution.
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3.5

Thermal Analysis

The theoretical water content of boric acid [2B(OH)3 = B2O3·3H2O] is 43.7%, which
is present as latent water in the form of B-OH groups. By thermogravimetric analysis
(TGA), the observed weight loss of a sample of technical grade boric acid powder
(Optibor® TP) was found to be 44.4%, indicating that the sample contained a small
amount of surface moisture (Table 3.3 and Figure 3.39). Boric acid melts slowly
around 170 °C and loses all its hydroxy hydration water by 450 °C, becoming boric
oxide (B2O3). A boric acid reference sample lost 10% of its weight as water by 105
°C.
In the treated graphite samples, borate is likely to be present on the surface in the
form of boric oxide, which can rehydrate to boric acid upon exposure to atmospheric
moisture. It is assumed that any free water is lost by 105 °C (Figure 3.40). The
unheated sample treated with boric acid at a level of 1% B contains 5.71% boric acid,
and the sample will lose 2.49% of its weight by release of water during heating
(Figure 3.41). The sample was found to lose slightly more weight than expected,
indicating that the sample contained some additional surface moisture. The treated
sample that was heated to 1000 °C lost 1.6% of its weight, indicating that the sample
absorbed some moisture during handling, resulting in partial rehydration of the B2O3
back to boric acid (B(OH)3). As most of this weight was lost by 120 °C, this suggests
that it may be important to heat borate treated graphite samples to this temperature
prior to making cells and to limit exposure to atmospheric moisture.

Table 3.3 Thermal analysis data for water loss in boric acid and in prepared samples.

Optibor® TP
Boric Acid

Sample 5, 1% B
as mixed

100°C

5.7%

0.3%

Sample 5, 1% B
heated
to 1,000 °C
0.5%

105°C

10.3%

0.5%

0.8%

120°C

27.9%

2.1%

1.6%

450°C

44.4%

2.8%

2.0%

Expected

43.7%

2.5%

0%
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Figure 3.39 TGA of Optibor® TP boric acid.
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Figure 3.40 TGA of Sample 5 with 1% B after heating to 1000˚C and subsequent exposure to
atmospheric conditions.
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Figure 3.41 TGA of Sample 5 with 1% B, unheated.
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3.6

Weight loss of samples during sample preparation

The weight loss of graphite samples that occurs during the treatment process was
measured (Table 3.4). The actual observed weight loss was found to be just under the
expected loss if all the water were removed by dehydration of the boric acid added to
the sample. This indicates that a small amount of water may remain within the
sample, even when it is heated up to 1000 C, or more likely, the sample may pick up
surface water in the short time that it is exposed to air during weighing.
Table 3.4 Weight loss of samples during heating in the tube furnace.

% B in
Sample as
mixed
1.03

3.7

Initial Final
wt. (g) wt. (g)
90.8
88.3

Wt. lost on
heating (g)
2.5

Expected wt. loss from
boric acid dehydration
2.6

1.67

97.2

93.0

4.1

4.2

2.11

95.6

90.4

5.2

5.3

XRD Analysis

Analysis of graphite samples by powder X-ray diffraction indicates a clear peak for
boric acid in the unheated samples and only a very small peak in the heated samples
(Figures 3.42 and 3.43). This demonstrates that boric acid becomes amorphous boric
oxide during heat treatment, but it may be susceptible to rehydration to a small extent
upon exposure to atmospheric moisture. A strong peak at 2 = 26.4˚ is characteristic
of graphite.
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Graphite and boric acid heated
Graphite with boric acid unheated
Bare graphite

Figure 3.42 XRD scans of heated and unheated graphite from
Sample 5, with and without added boric acid.
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Graphite and boric acid heated
Graphite with boric acid unheated
irnul;fmixed
Bare graphite

Figure 3.43 XRD scans of heated and unheated graphite from Sample 7, with and without added boric
acid.
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3.8

FTIR Analysis

Samples of treated and untreated graphite were analysed by FTIR spectroscopy in
comparison to boric oxide (Figure 3.44). Commercial boric oxide typically contains
about 1-2% water in the form of a surface layer of boric acid, resulting from the
absorption of moisture. Analysis of graphite post heat-treatment revealed no O-H
stretching bands, in contrast to a boric oxide sample, indicating minimal hydration of
surface boric oxide. The treated sample also showed that B-O stretching bands were
not present for a blank graphite sample.
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Boric oxide
Graphite blank unheated
3% B graphite heated

Figure 3.44 FTIR analysis of treated graphite.
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CONCLUSIONS AND RECOMMENDATIONS
Improvements in performance, safety, and cost are essential to realise the goals for
electrical vehicles and thus reduce global emissions. In addition, the need for reliable
grid storage and the collective appetite for higher powered lightweight portable
electronic devices with longer battery life will continue to drive the search for better
electric storage. The use of borates in batteries improves their safety characteristics
and electrochemical properties. Borates are relatively low in cost compared to other
essential materials in lithium batteries, and only a small amount of borate additive is
needed to yield valuable improvements. Due to the complexity in battery chemistries
further investigation of this system is warranted. In closing, findings drawn from this
work will be summarized to support conclusions, and limitations encountered will be
reviewed. As with most research, the investigation generated further questions.
Recommendations for future research are also given.
The objective of this work was to investigate the surface treatment of graphite with
borates to improve the performance characteristics of lithium ion batteries. While
some reports of advantages to anode performance can be found in the literature, the
mechanism of improvement was unknown. The objective of the research discussed
herein was to investigate the properties in greater depth, to optimize treatment
conditions, and to elucidate the mechanism behind the benefit gained by treatment.
Prompted by findings of prior studies, borate treatment was carried out under inert
atmosphere at 1000 C. Investigations of various borate levels, using boric acid as
starting reagent, suggest that the optimal doping level is 1 - 2 weight percent boron.
Excess formation of glassy boric oxide in the anode from higher boric acid addition
may hinder conductivity. Chemical analysis of treated samples indicated that the
boron was well dispersed and that a relatively small amount of boron was lost
through volatilization during heating. Thermogravimetric analysis indicated that the
treated samples are moisture sensitive, and thus, limited exposure to atmosphere may
be important for realizing the benefits of borate treatment.
Improvement of rate capability and capacity is clearly evident in initial small-scale
tests with a relatively simple electrolyte system, although certain electrolyte
additives, such as FEC, may negate the positive effects of adding borate. The
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synergistic or antagonistic effects of multiple additives and surface chemistries are
not well understood. Properties of the SEI are directed by morphology where
reactions take place and the kinetics of reactants (Xu, 2014). A future in depth study
of the chemistry and morphology of cycled cells could clarify the mechanisms at
play.
Investigations of the morphology of treated graphite suggest that borates modify the
surface, changing its surface area and pore structure. It is postulated that, at elevated
temperatures, boric oxide in the liquid state settles into pores and imperfections in
the graphite surface, lowering its overall surface area. This change influences the
interaction of the graphite with the electrolyte and enhances the formation of an
improved SEI layer.
While the surface area is clearly affected, SEM does not provide sufficient resolution
to reveal any visual changes in morphology. X-ray crystallography confirms the
absence of crystalline treatment products, consistent with amorphous boric oxide,
and excludes the presence of a modified crystal structure in the graphite. Thus boron
was not incorporated into the graphite structure, nor did it form boron carbide to any
large extent at this temperature.
Several factors contributed to a lack of clarity in the interpretation of results. First,
the type of graphite available for studies was different in initial small-scale
production vs. larger scale trials. The graphite used in the later scaled-up trials
performed better on its own than the initially studied graphite. This inevitably
resulted in less difference in improvement between treated and untreated graphite.
Second, it is clear that electrolyte additives have a major influence on the formation
of the SEI and cycling properties. It is unclear, however, whether certain electrolyte
additives can negate the benefits of borate treatment or provide similar benefits.
Third, exposure to atmospheric moisture could influence cycling results. Finally, cell
preparation is a very intricate process, and variations in the preparation method or
differences in cell cycling equipment could produce differences in results.
Future research utilizing larger scale pouch cells is necessary to determine the
benefits. Physical and chemical analyses of cycled cells are necessary to elucidate
changes to the SEI layer. Improvements in safety should be investigated in depth by
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high temperature cycling of cells and analysis of thermal changes in the SEI after
cycling. A deeper understanding of the electrolyte additives used in various
applications and how they affect surface treatments is necessary. Additionally,
further work could be done to optimize the treatment temperature required to achieve
benefits. It would be worthwhile to test a variety of borates in this system, such as
boric oxide, nitrogen-containing borates, and lithium and sodium borates. Finally, the
treatment of next-generation anodes such as silicon graphite composites could
benefit from the addition of borates and should be investigated.
In closing, the performance and ageing mechanisms of lithium ion batteries are
controlled by the individual material properties and the anode, cathode, and
electrolyte chemistries. Borates show excellent potential as additives to increase the
rate and storage capabilities of graphite via improvement of the surface chemistry at
the interface of the anode and electrolyte, and via preservation of the anode. The
research conducted illustrates the impact of graphite type and morphology, as well as
surface and electrolyte chemistries on the rate and capacity outcomes as a function of
the SEI. The addition of borates to the anode provides several benefits at low cost,
enhancing the capacity, lifespan, and safety of lithium ion batteries.
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